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A CONTRIBUTION  TO  THE  T1SORT  OF  UFWEIilNC..  PAW  II 
The  Moat  Favorable  Condition  for  Upvelling  and 
the  Coastal  Currents  Induced  by  Winds 

By 

KUJI  1TDAKA 


ABSTRACT 

In  Technical  Report  No.  6 of  this  project  the  aithor  shoved  the 
possibility  of  upvelllng  induced  by  a wind  bloving  pa. ’*11*1  to  the 
coast  in  such  a manner  thatc  in  the  northern  (soutlernl  harlsphera, 
the  coast  is  on  the  left-hand  (right-hand)  side  of  an  observer  who 
locks  in  the  direction  of  the  wind.  In  tMs  report  he  thovs  that  an 
offshore  wind  bloving  perpendicular  to  the  coast  can  ala*,  give  rise 
to  a sinilar  circulation  in  the  gone  vortical  plane,  but  in  this  cans 
vith  much  weaker  intensity.  From  this  result  it  can  be  concluded  that 
tbs  most  intense  upwelling  will  occur  vhm  the  wind  rank 3*  ai:  angle 
of  21.5°  with  the  const  line  in  an  offshore  direction.  In  addition 
to  these  circulations  in  the  vertical  plane  there  exl**„  horisowtal 
currents  parallel  to  the  ooast.  These  will  contribute  to  the  f emotion 
of  the  coastal  or  longshore  currents  raich  debated  reject ly.  The  hori- 
zontal components  of  tho  notion  under  consideration  ihov  a vertical 
variation  very  similar  to  the  Eknan  spiral  at  some  distance  fron  the 
coast. 


1.  Ijpvelling  Due  to  a Wind  Hot  Partial  to  the  Coast.  In  the  first 
report  on  the  subject  of  upvelling  tTeeJinical  Report  No.  6 of  this 
project)  the  author  has  shown  the  possibility  of  upvslling  induced  by 
a wind  blowing  parallel  to  the  coast.  The  result  was  t»t  when  a wind 
blows  parallel  to  the  coast  in  such  a :TsnE«r  list,  in  the  northern 
(southern)  hemisphere  an  observer  looking  in  the  direerdon  of  tie  vind 
lias  the  sea  on  his  left-hand  (right-1  and)  side,  there  cists  an  intense 
circulation  in  a vertical  plane  perpendicular  to  tho  coast  c -plane). 
This  unveiling  takes  place  close  to  the  coast  and  has  » velocity  which 
is  consistent  with  observations. 

It  my  be  anticipated,  however,  that  a sinilar  circulation  can  also 
he  mroduced  in  the  wune  vertical  slime  bv  an  offshore  wind,  that  is.  m 

• — - — * v ~ w — 

vind  blowing  offshore  at  right  angles  to  the  cc&et.  To  evaluate  xhis 
circulation  is,  of  course,  possible  by  assuming  a vini  stress  in  tu« 

JK-  direction.  Suppose  we  have  a wind  not  perpendicular  to,  but  n»>  ing 
a certain  angle  with  tho  coast,  ar.i  divide  tlw  stress  ” into  Ita  7&- 
and  j-  components  (Figure  1).  Then  the  surface  conditions  (17)  in 
Technical  .Report  Ho.  6 should  be  replaced  by 
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vhe^e  u.  nod  t r are  the  /-  - and  v - eoapontflits  of  current  velocity, 
and  Zy  are  those  of  wind  etreeft  While  the  dynsaieal  end  continuity 
aquations  and  botaafazy  conditions  rwaain  the  mem. 

In  *?^crtly  the  sane  Banner  as  in  the  first  report,  ve  can  Integrate 
the  equations  of  notion  anrl  obtain  the  stream  function  In  the  vertical 
plane  perpendicular  to  the  coast  ond  the  ooayonerrti.1  u.  and  \r  of  the 
horizontal  earreeio  They  are 
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respectively*  These  expressions  can  be  put  in  mil  forms. 
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Bsr©  md  rV  &rm  the  coefficionio  of  horiaontal  ana  vertical  mixing, 
P the  density  of  r;os.  water,  u)  tea  regular  Telocity  of  tbs  garth*® 
rotation  and  p the  geographic  latituce. 

If  vs  put 


r,  - o z 


we  ha vi  exactly  the  protCUsn  ve  dieessad  in  the  first  report,  is  tshle’b 
tfei  vial  blova  parallel  to  the  ooaft. 


h srvi  rj\7-,  e)  wfci'ih  give  the  hcrisontal  ccrponsnta  of  velocity 
were  evaluated  ty  nuneriert  ccsgaxtg.tia a against  esvgrsl  ^hIuss  of 
and  '*/ pr  , acd  are  oonrJled  in  Ib'sles  I to  IV, 

Sinoe  a wind  of  an/  direction  can  be  divided  into  its  two  horizontal 
composer ie  perpandieul/ r zzd  parallel  to  the  coast,  it  will  be  sufficient 
.'or  us  to  discuss  only  the  vertical  circulations  induced  by  tee  offshore 
aid  longshore  winds  f-ii  to  combine  the  result. 


2.  Batter,-  of  the  Ve 
lines  in  tb*  verticel 
tee  coast  ( K.&  - plac 

Them  hmb r +r>  ’i»  ow  , 


Ifr'^tical  Cimuatlcns . Figures  2 and  3 show  the  rtrsas 
"ileal  circulations  induced  in  the  plans  perpendicular  to 
- plana)  by  longshore  and  offshore  winds  respectively. 
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wise  circuJ  tions  nnd  the  atresia  functions  have  negative  values.  In  each 
of  these  t*  j esses,  the  water  is  upuellod  fr»n  levels  deeper  than  * - Pu  t 
a & ' ole,  it  appears  that  a longshore  wind  originates  upw&iled 
from  d.>eper  layers  tear  does  an  offshore  wind.  The  circulation  in- 
fcy  a Ic-igsh ere  wind  h»3  alx^dy  loam  descrlbsd  in  detail  In  tbs  first 
• The  circulation  due  tc  an  offshore  wind,  of  the  seas  stress 
s a such  anally  amount  of  water  than  does  that  due  to  a longshore 
V.croovir3  the  former  las  a rather  ooQpli Gated  structure,  having 
dios  (ligurc  3)  in  upper  layers,  css©  aitustsd  decs  to  the  coast 


-3- 


and  the  other  near  the  outer  boundary  of  the  wind  belt.  This  awns  that 
ujaielling  due  to  a longshore  wind  is  far  acre  effective  in  lowering  the 
surface  temperature  of  the  coastal  regions  then  that  induced  by  m.  offshore 
one,  since  the  former  Gerries  ouch  larger  amounts  of  colder  water  to  the 
surface  from  doeper  layers  than  the  latter. 


3.  Most  Fhvo ruble  Condition  for  Powelllnpu  The  encyst  X of  eater 
upwelled  across  a long  horlsontal  strip  1 ea  wide  extending  from  the  coast 
to  a distance  >-  can  be  evaluated  as 
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since  the  stream  .function  vanishes  along  the  coastal  wall  ( - O )„ 

Thus  the  vertical  mass  transport  T will  be  largest  when  we  take  / at 
a distance  at  which  the  functions  and  have  the  largest  negative 

value.  By  inspection  of  Tables  I and  II  and  figures  2 and  3,  wo  can 
estliaate 
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T-v  - -i^.0.3 X by  Offshore  wind  (15) 

* T t-J  /s — yS 

If  the  wind  blows  in  a direction  making  an  angle  <5  with  the  coast 
in  an  offshore  direction  (figure  1 )?  we  have 
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where  6 is  the  absolute  magnitude  of  the  wind  stress..  Thee  we  have  from 
(14)  and  (15) 
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This  gives  an  approximate  amount  ef  water  upuslled  to  the  surface  Iy»n 
per  unit  length  of  the  coast.  The  most  intense  upwelling  will  therefore 
take  place  when  d "Z/dB  - O , or 
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providing  the  magnitude  of  wind  stress  L remains  the  ssas.  Thie  means 
that  the  upuelling  will  be  most  Intense  when  the  wind  make*  hb  »mrts  of 
21° 5°  with  the  coast  lino  in  an  offshore  dUractton,  that  is,  when  it  Is 
slightly  deviated  affshers  from  the  coast  line.  Of  course,  vs  have  mere 
or  less  upuelling  is  a sector  within  i 90*  of  this  direction.  According 
to  Dr.  Arnold  Glaser,  upuelling  off  tl»  coast  of  Lima,  Peru,  appears  to 
to  more  intense  when  the  southerlies  blow  slightly  deviated  in  an  off- 
shore direction  rather  than  when  ibsy  blew  parallel  to  the  coast. 


Is  the  Gulf  of  Mexico,  us  havs  easterlies  almost  all  the  yeer  round. 
This  means  that  w can  always  expect  upuelling  along  the  northern  coast 
of  Cuba  end  Yucatan  coast  of  Ifexlcc.  We  do  not  have  say  distinct  ervi- 
dense  of  upuelling  and  the  existence  of  colder  water  eH*  these  coasts. 

But  we  know  that  many  American  anglers  go  to  fish  in  the  waters  off  the 
Yucatan  coast  and  special  boats  ere  sent  from  the  United  States  ooaeta 
for  these  people.  Tills  fact  my  suggest  the  existence  of  unveiling  in 
this  region.  According  to  the  surface  observations  of  the  Department  of 
Oceanography,  Agricultural  and  Mechanical  College  of  f*3Qi£  Bade  recently, 
there  ore  also  some  indications  of  colder  surface  temperatures  in  the 
western  part  of  the  Gulf  of  Mexico  very  close  to  the  coast.  If  they 
really  exist,  this  temperature  distribution  nay  be  ascribed  to  levelling 
due  tc  the  easterly  winds  prevailing  in  these  latitudes. 


4"  Coastal  Currents ■ Recently  several  observations  (Putnam.  Itmk  end 
Traylor,  1949;  Shepard  and  liman,  1950,  1951;  Iraan  and  Quinn,  1953) 
on  the  flow  of  water  close  or  adjacent  to  coasts  have  bees  report#'  „ 

Many  authors  have  discussed  this  subject,  but  they  have  not  yet  been  ahle 
to  arrive  at  « satisfactory  explanation  of  possible  causes  of  coastal  or 
longshore  curreuia „ However,  rest  of  these  currents  are  ascribed  to  the 
action  of  surf  and  waves.  The  longshore  component  which  we  haw  obtains! 
nay  explain  some  part  of  these  flows.  The  expression  for  tills  eonponerrt 
is  givan  by 


#(>,  *) 


(19) 


where  fl  and  /V  ar®  the  functions  compiled  in  Tables  III  and  IV  and  illus- 
trated in  Figures  4 and  5.  The  two  terms  in  the  right-hand  stmeber  of  (19) 
show  the  longshore  currants  induced  by  offshore  and  longshore  winds  respect- 
ively. If  the  wind  is  parallel  to  the  coast  ve  have  Zy~  O and 
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TABUS  IV.  VALUES  OF  T IE  FUUCTIOW 
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anl  If  the  wind  blows  ic  ar.  offshore  direntior  -^rperdiaul&r  to  the  coast 
we  have 
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-Vorc  the  Tables  III  and  IV  /n d Figures  4 end  5 it  if  possible  for  us  to 
toll  the  difference  between  the  two  oases . Iho  coastal  current  induced 
by  a longshore  wind  is  directed  leeward  a 3 frr  dou*;  aa  the  level  2.  -0.9  D^j 
but  the  direction  of  flow  5s  reversed  at  deeper  levels*  On  the  other 
hand,  the  lore  shore  curren ; produced  by  en  offshore  wind  flows  to  the 
right  of  the  wind  direction  only  in  layeis  shallower  than  2 =•  o,  j Dr  . 
There  is  a secondary  nsxir.iaa  of  velocity  in  thr.  opposite  direction  at  the 
•pproxinate  level  z . - o.  s Z>^  • 


3.  Yfirtlcal  Variation.  Horizontal  Currents; .Titan  Smral-  Tlie 
expressions 
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for  the  iori  z.»nt'i]  currents  show  that  theanrlo  between  the  wind  and 
current  induced  at  a /riven  depth  o_X  Jfflcft.a».jtt8,vflBgg  £r?P-ttii 

coast  anr.  not  on  the  direction  of  wind.  The  angle  between  the  wind  and 
the  eurfa  e current  inoucod  by  it  ic  compute  for  several  points  at 
different  ilstancec  fror  the  ccast  and  compiled  in  Table  V, 


Table  V 


The  Vngle  3etveam  the  Wind  and  furnace  Current 
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Thus  the  angle  bet.  ton  tl>e  vine  and  surface  current  is  nearly  45® 
at  the  nsiddlo  part  of  thi  wind  bolt*  but  decreases  both  toward  the  coast 
ami  outer  margin  of  the  wind  belt.  Along  the  coast  there  is  & very  weak 
current  in  approdnately  be  sane  direction  a~  the  wind*  The  vertical 
variation  of  currants  i3  practically  erpjal  to  the  Eksan  spiral  along  th» 


median  line  of  the  wind  bolt,  hut  is  sere  or  less  flattened  dose  to  the 
coast  and  near  the  cuter  margin  of  the  vind  belt.  Sens  of  these  spirals 
are  illustrated  in  Figure  6, 

6.  Mpeuenta.  The  author  hereby  expresses  his  aincerest  appreciation 

to  Dr.  Dole  7.  Loipper,  Head  of  the  Department  of  Ocfsmcgrsphy,  i^rlcultmal 
and  Mechanical  College  of  Texas,  who  encouraged  the  author  in  carrying  out 
the  present  research  and  publishing  the  result  during  Me  stay  in  the 
Department*  He  is  also  much  obliged  to  Dr.  leipror,  Robert  0.  Reid  and 
Dr.  Arnold  Glaser  for  their  valuable  suggestions  end  info  motion. 
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WIND  MAKING  AN  ANGLE 
G WITH  THE  COAST 


UPWELLIN8  AS  INDUCEO  BY  A WIND  PARALLEL  TO  THE  COAST 

(ILLMTRATtD  »Y  THE  STNCAMIMC9  IN  TIC  VERTICAL  PLAMC  RENREIOCULAN  TO  TIC  COAST) 

FIGURE  2 


$ INDUCED  BY  AN  OFFSHORE  WIND 


WIND  ZONE  L 
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DISTRIBUTION  OF  LONGSHORE  CURRENTS  M(k,Z) 
INDUCED  BY  A WIND  T,  PARALLEL  TO  THE  COAST 


WIND  ZONE 


DISTRIBUTION  OF  LONGSHORE  CURRENT  N(*,z) 
INDUCED  BY  AN  OFFSmRE  WIND  Tw 


FteURE  9 

VERTICAL  VARIATION  Of:  DRIFT  CURRENTS 
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Qfflo*  of  »r— 

Toeth  Floor.  «6  K.  MatkJpfe  At* 
QxIob^o  1,  UU»1» 

Dlx-setor 

OCtim  of  lk— 1 R»o«erab 

346  Brood— y 

lltv  Tart  13,  bv  Tor* 

Direct— 

Off  tor  cS  Be**l  Fa— •—> 

10y  L.  Qrroe  Strart 
h»j«9a  1,  C.UlTorrJo 

3.  S.  Korr  ifrlrotfr»pftlc  Office 
■rfroUactoa  25,  fe  C. 
it  i»*  WrUloo  of  00— 


eo, 

Safe* 

i 


i 


i 


i 


i 


i 


l 


2 


3 


Chief,  Sar— a of  Chips 
Stray  Ooporto—t 
w— fcUrto*  25,  b.  c. 

Altai  Coda  5*7  (2)  1 

* Coda  91&  (2} 

« Coda  645  { l) 

Director  1 

C.  3,  Koval  Tla-tjr—1—  !*»>. 

3«S  5?,  GollfarmU 

Attai  Coda  350,  «1,  552,  fclO 

Caena^dlxg  Offlonr 

0,  A.  Sewy  fair— tor  Se— d Uh, 

hv  lonSoa,  Con— ■*!<«*  2 


2=sal  fanr-ft  later*®— 7 
Torta iaal  S«Mm 
u— feiKftos  25,  9.  C. 

Cniaf,  Bureau  of  Tar'l*  A a**a 
Say  Popart— — 

■— hio?jtaa  25,  E»  C. 

C—amtlac  Off  later 
Sawcl  Orda—i'i  labor*'-— 7 

Vbivi  Chb 
Silvar  19, 


k«t.  ■wal  f»  *r^aar«fc  1 

4artflOi  bt4*»7 
fiorjr  100 

rle»t  Foot  0ffl«,  Tart 

•ritfat  fatal  tef-rio—  SC— las 

»bi*  1—7  Soli'll 

MarMafU*  25,  9.  C. 

teamed  lag  Ge— 1 
IumtA  aed  Dr— Lc«»et  M»« 

Depart— nt  u tfcc  s*W 

*1* Haft aa  25,  1%  C.  1 

5,  =*=ssr  t—42:  Ireel*»  Kacrd 

'35A  UltJo  »£lli  to**,  S 

M— feloftoa  16,  0.  C.  2 

Jhm  Ch irf*  Arad  Ftara— 

Special  rtpear 

F,  ft.  8m  *50  1 

y*o^Jj5g£aft,.  £■•  £, 

CCYloo  of  t**  Isart*— tor 

dowel  2 

miiU*T7  Tlbr*!**,  &i*4rlae 
tee.— a*  m it  tn— lojrt «c* 

I'sshiaafe*  25,  s.  c* 

lOoaexar^i  * Dcr^i^w*--  Soer*  1 

fietlreal  HUltary  to^feUrt— >A 
HaoM^oa  25,  5k  C. 

AttBi  Conitf«  « ^-Ml«i 
— > iMCrtfW 


u S.  U— i>or  Saw- 
!g  b.  mporrtofi'  of  0— «m» 
^sti*45o®  15,  ft'  Cv 
Lttai  AotooUfl  t*r-ria— 


j omw 

Co— <rld|K  iFlaM  9tali« 

230  Mbm 7 *Ur+c*. 

C— fcrKfi  39,  “ 
ittju  a»L 

0,  "sj-©—#*.  0o«rd 

'dM  oeffto*  25,  C*  - 

Dir*  alar 

O,  i.  Goan  vd  OaodaUA  ter— y 
Capartr^aV  of  C— • 

Ws^il«t(TJ  25,  B.  C. 

0.  4 • Wllillfa  *arrtar 

F.  0.  res:  36X* 

faaolTilu,  ?•  H» 

U.  8.  flah  A Ulldllfa  Sarrica 
Woods  Bela,  ftei—ami— tta 

0.  S.  Flc*a  A VUdUfe  5«rrloa 
Swth  iUtitl*  Off ahara 

irirl^ary  XmrtUfStlaia 
a/a  On r«i*  iss  A Pled  fk— laliai 
F.  0.  lu  312 
feta-rld',  Gaarfl* 

0.  S.  Fl*h  * WlLillfo  terrlaa 
Foil  Cr^ekatt 
‘•alrvOUifs,  Taxw 

Mractcr 

?3.  *.  flfi  A tnuufa  terr lae 
DapariarA  of  1 a lotaricr 
HouMoftao  25,  D.  C. 

Altai  Or.  1.  4.  Wolford 

C.  S.  FI**.  A UtUUfo  temoa 

450  A*  .*ardss  Sail 

Stoj^ard  9«lr»niil7,  Calif oroi* 


s»<rctmrj 

Saif  Sum  MrlM  21—artao 
C<n*i«alaA 
Audchoh  »ulUli« 

931  Ca*=l  Atraat 

Saw  Crlaaaa  14,  UwlaUm 

-5a  «a*,.«ry 

AllaolU  o—taa  Sari— 

Planers—  Cot— loot— 

22  Wa*l  la*.  3 treat 
IfevsC  fane—,  8—  Tork 
Altai  —0—  &,  1 


T«zo£  C*w  and  Flat  CaoKt—loa 

Slcrtatpcri,  7a*a» 

Calif orcia  Ae«S«ar  »f  Salaoo— 
Seldaa  3eta  I’srt 
So*.  Fre»<J— 1>,  Cal  IT  or  ala 
^ttai  CT.  F-»  C.  Millar 


Mr«»ctor 

laatttcte  of  iterix*  3ct**aa 
Fort  Jtra?»«e,  ’«*« 

Dlr—ter 

Qui'  Coast  te— *r«.  laberatair/ 
On—  Spr iefs,  «/T.S*6iypd 


1 


■rar— tv  Mrl—  laboratory 
^p?t<«,  Rhode  Xelaad 

1 

■art is*  r ‘bortiii  tterin*  Iaboratcry 
[varelty  of  SwAil 
«3.nlUf  «.  B. 

1 

•aator,  Ikrlae  lm>  oratory 
Lwralt*/  of  KSoat 
ai  Coulee,  Florida 

»r?cci'.  M^eaa  of  latsral  tSatory  j 
itral  fart  «*e«  at  7412;  Strart 
* Tort  2t,  »— 


tetar 

cat  3ro3oet*«l  C*Uwr*atary 
rwf  Cliff 


3 


2*fart«est  of  Ceoaerw *lca 

Crv^fH  ^iiseraity 

Frt  Tort 

i'%i  2.  At—* 


Efcpaj1  *J»«l  of  toa3.9C7 
lh<t«ara  Uol— rsltr 
Sow  &sasvVm , B»r  Jamy 
Attai  Or.  K.  «.  teftkio 


3rr  Ifpe  Zsetitwtliin  of  Oo— ogtspay 
U 3olla,  Calif oi  ’Ja 
Attai  DJnttor  (].) 

• Ubrrrp  a; 

The  Qa—gapbid  XertliUsta 
Flwiia  State  9/tl— rally 
Tal^aaa— , Fiorid* 


of  teeiKMTiae,  iw 
fed— rally  o£  Calif  era  ^2 
Malqr,  (aUfntiA 

Dlraator 

’—ode  Sole  Ooecwgrac&ls  I— a '.ate 
Woods  ttole,  »S»«ae^r»«tta 

Dlrwicr 

OMM^MCho  fey  loot#— to 

tbrw  !iii  — * « 

tsMfolia,  Nwylaod 


Bead,  Oapartaaat  of  Ooaanofraphy 
Oftl— rally  of  Weohlariaa 
Waohia(taa 

tartan  Pioniiigj  «.l  le  Foadailoa 

tala  OniTaralt- 

Sew  Sot—,  (ba—etisst 

Allas  Bacv^fk  Foondatiaa 

Onlw  -mlty  of  Southsrs  Ctltfarzda 

lea  IsQalea  *f.  Cal  If  end* 

H—4,  fiapartwaot  ©f  Rlolocr 
!«zu  CbriatlOs  Qilvanclty 
Ft,  Worth  9,  T— 

Bead,  Dapt,  Ibtaorolocy  A 0—, 

Few  fort  Oalaaralty 
tar  T«t,  Aw  Tin 

Dwar’a  Bluff  Laboratory 
WadaaliOf  la  land , South  Carolina 
Attar  9r.  Ac  -rt  la— 

Ib-partMBt  of  ClelocF 
OsdTarelt-'  of  Florida 
Oai— rlUa,  Florida 
litas  Sr.  F.  Um  Flaraa 

91—ctir,  nrflala  Flrherl—  Later. 
Collate  of  MIDI—  aad  Me? 
ClMMtif  Frart,  Tlr*lela 

director,  Oalraralt*  of  Florida 
Karine  Molacl—1  Station 
Calanrllla,  Fl-rlda 

Director,  Ala*em«  —rice  laboratory 
ytym  La  Bat  re,  t’a^aaa 

foot  era  Bagloaal  Sd^wtloo  Board 
Ibrlna  Sdaaaaa 

ryi  Waat  Fa^trtraa  S^ra  t , I.  fc* 
AH'sta,  Cscrcla 

Diraetop-,  Leciiiwa  State  Cal— rally 
Karina  laboratory 
Swtoc  SLooajsa,  LoalrfliKa 

Director,  Is»t lt«t«  of  Fiaierl— 
toi  ay  eh 

inameiir  « asrv)  voroiini 
Ma«obead  City,  fcjrtfc  Cw^llna 


Director 

Dvdt*  fed— rally  *wk«ratafy 

3— for*,  S«rtb  Carolina 

Zee ti  bate  of  AaflniMBring  F—earcfc 
2U  S—  Ball 

Ewrtalay  4,  California 
Altai  Frof,  J,  V*  iatoejtc* 


■Catfcf,  A*r  -aathar  Swrviaa 
Tojertaaot  rf  tfaa  Air  Foray 

WaeilnfUo,  c. 

Mead,  fepertaeat  «f  C^eaBGfJ~;Ar 
Sr«  Ssd—rclty 
frsTttoar,  Kho4«  Xalani 


